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Abstract: The main objective of the current paper is to determine fatigue critical details of wave-
energy converters (WECs) and to evaluate their reliability. For this purpose, a new model of a water-
hydraulic drive WEC is designed based on the IPS (company Interproject Service) buoy working
principle, and the hydrodynamic frequency domain analysis method is carried out accordingly. A
reliability assessment method, which combines the stress-number (SN) curves approach and linear
damage cumulative theory, has been developed specifically for the proposed WEC. In order to
obtain the stochastic wave load spectrum, 22 years of wave data of the intended deployment site
(South China Sea), covering the span of 1988-2009, were analyzed, discussed and processed. A finite
element analysis model is also established to calculate the maximum Von Mises stress of the fatigue
critical component. The reliability indices and configuration parameters of the water hydraulic-
drive WEC are obtained by applying first order reliability method, considering the uncertainty of
the model parameters and the fatigue limit state. Optimization of configuration parameters is also
developed based on the reliability method for the sake of approaching the expected service life. The
results show that the fatigue life of the water turbine can reach the design service life of 20 years as
the configuration parameters meet the specific condition. The cumulative reliability index and
annual reliability index are recommended as 2.1 and 3.5, respectively.

Keywords: WECs; water hydraulic drive; hydrodynamic analysis; fatigue failures; reliability index

1. Introduction

With the upgrading of energy consumption globally and rising industrialization, renewable
energy development has become one of the hottest issues in the world [1]. Many countries and
regions have drawn up sustainable development plans and have committed to the development of
marine renewable energy resources [2]. Wave energy is regarded as having the greatest potential for
development [3,4], and the technologies harvesting energy from waves have received more
consideration in the last decade [5]. Ocean wave energy is clean and free from pollution, and the
world’s largest estimated reserves reach 80,000 TW h/year [6]. Wave energy has the characteristics of
good predictability and high energy density, which makes wave energy utilization favored on coastal
regions.

Wave energy is produced by wind action and has only a small energy loss even if it travels
thousands of kilometers. The magnitude of wave energy is often represented in terms of power per
unit wave-front (kW/m), and the main parameters representing wave-energy potential are the
significant wave height and average energy period [7]. The evaluation of wave-energy resources is
the premise for the exploitation and utilization and the design of relevant devices [8]. Research on
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wave climate characteristics had been carried out before for other objective and many scholars have
conducted in-depth studies on wave-energy resource assessment. Chen et al. evaluated the near shore
wind and wave characteristics based on experimental data for coastal area of the South China Sea in
Shenzhen [9]. Omar et al. presented a theoretical prediction of wave-energy resources in the South
China Sea using a satellite altimeter [10]. Zheng et al. [11] and Wang et al. [12] simulated the
distribution characteristics of wave-energy resources in the South China Sea using the third-
generation wave model WAVEWATCH-III (WW3).

Wave-energy converters (WECs) are complex mechanical devices that absorb ocean waves’
energy and have ability to produce electricity. According to statistics, there are about 150 projects
that have been carried out at full scale, which is comparable to the offshore wind industry [13]. When
classified through the working principle of power take-off (PTO) system, WECs can be categorized
into four main groups: hydraulic drive WECs, air turbine-drive WECs, water hydraulic-drive WECs,
and direct drive WECs [14,15]. Among them, the water hydraulic-drive WECs, equipped with a water
turbine as PTO element, directly use seawater as a working fluid, and are widely used in overtopping
devices containing a low-head (generally 3-4 m at a global size) turbine, e.g., Wave Dragon [16], and
oscillating-body devices containing a high-head (usually tens of meters or even hundreds of meters)
turbine, e.g., AquaBuOY [17]. These water turbines can achieve a peak efficiency of nearly 0.9, which
is conducive to the use of speed-regulating generators [8].

Fatigue failures, which are usually caused by corrosion and defects of critical components, are a
common failure mode of offshore structures [18]. The magnitude of environmental load and the
material properties are determined in a mature design approach. However, marine installations in
particular require offshore assembly, which are more sensitive to uncertainties due to complex
designs [19]. The uncertainties related to configuration variables should be considered by
establishing a stochastic model. A stochastic model using limit-state equations combined with a SN
(stress-number) curves method and PM (Palmgren-Miner) rules considering linear damage
accumulation is widely applied in the fatigue design of marine structures [18,20,21]. The probabilistic
method based on reliability is applied to reflect the system response to the input parameters change
and improve the reliability level of the devices [22].

Both experiments and FEA (finite-element analysis) are two important methods for modeling
the structure of a wave-energy converter. The approach of experiments can ensure the accuracy and
avoid the uncertainty in the modeling process by using the sensors for direct measurement. However,
the FEA method performs the system behaviors through computer simulation and supports a flexible
combination of multiple scenarios. Taking full advantage of the FEA method with computer
technology can save a lot of capital and time costs on the basis of ensuring high flexibility and fidelity
[23]. In the present work, the FEA method is used to establish the structural model of the fatigue
critical component of a WEC.

Generally, the reliability analysis methods can be broadly categorized into analytical and
stochastic methods. The first kind of reliability analysis method mainly consists of the first-order
reliability method (FORM) [24] and second-order reliability method (SORM) [25]. The maximum
likelihood probability value of the limit state function is calculated by the FORM, which has become
the most common approach of reliability assessment due to both computational efficiency and
accuracy. SORM, considering the second-order Taylor series, has higher precision in non-linear
systems, while the both of them have almost identical results in other cases. The second method of
reliability analysis mainly refers to MCS (Monte Carlo simulation) [26], which can reduce uncertainty
in the results due to the benefits of direct simulations. However, MCS is constrained in assessing the
reliability of highly complex structures. Considering that the study of WECs in the present paper is
still in the preliminary design stage, FORM was eventually selected as the most suitable approach to
develop.

The scope of this paper is to assess appropriate reliability indices for fatigue critical component
that go into failure earlier. A new model of water hydraulic drive WEC is designed based on the IPS
buoy working principle [27,28], and the hydrodynamic frequency domain analysis method is carried
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out accordingly. The purpose of this work is to perform a reliability assessment method for a water
hydraulic-drive WEC and calibrate a preliminary scheme and system reliability index.

The paper is organized in six sections: Section 1 introduces the background, methods and
research purpose of the problem. The structural design and hydrodynamic analysis of the water
hydraulic drive WEC are illustrated in Section 2. Section 3 presents the reliability model of fatigue
failure. Wave characteristics of the target sea area and fatigue-critical details of the present WEC are
carried out in Section 4. The results are developed and discussed in Section 5, followed by conclusions
in Section 6.

2. Theoretical Analysis of the Water Hydraulic Drive Wave-Energy Converter (WEC)

2.1. Structural Design

The proposed water hydraulic drive WEC mainly includes a floater and a vertical tube
suspended in sea water, which is similar to the IPS buoy [29], oscillating up and down under the
action of waves. The tube is rigidly connected to the floater through the filter bracket which is formed
by welding the support structure arranged in intervals. An axial flow turbine, as a PTO element, is
located in the middle of the tube and moves with the floater at the same amplitude. When the floater
oscillates in heave, the water contained inside the tube drives the turbine under the action of inertia
force. The energy is obtained from ocean waves when the water in the tube moves relative to the
floater. The basic working principle and structural parameters are represented in Figure 1.
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Figure 1. Structural parameters and working principle of the wave-energy converter (WEC).

The floater consists of a cylindrical buoy and an inverted cone, both of radius R. The submerged
depth of the cylindrical part equal to radius R below the surface of calm water. The base angle of the
conical part of the floater equal to y. The tube, with radius r and length L, is submerged vertically
in seawater of a certain depth (relatively large) and open at both ends. Considering the barrier of the
tube wall, the water column contained in the tube can be considered independent of the direct action
of wave load.

The water column contained in the tube will be resisted by external seawater when it flows out
or into the tube, which can be equivalent to the added mass of the water column. The added mass of
the water in the tube, assuming the radius is r and the thickness of the two ends of the wall is
negligible, is plnr? [30]. Here, | = 0.6133r is an approximated distance of the water column that
can be considered as independent of wave frequency w.
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The turbine, which is capable of self-rectifying, has a rotor with fan blades and the rotor blades
are installed in the hub through a pivot mounted near the blade root; hence, they are able to swing
back and forth within two set angles, which are restricted by pre-installed mechanical stops. Both
action planes of the mechanical stops located in the rotor hub come into contact with the inner wall
of the hub when the rotor blades reach the limit position (see Figure 2). The oscillation range of the
rotor blade is from the top dead center (TDC) to the bottom dead center (BDC) (see Figure 3). The
rotor blades are mounted on a spherical hub to keep the hub clearance constant while the blade
rotates. The outer casing is also spherical to ensure a stable tip clearance.

Action planes

(TDC)

Action planes _ -
(BDC) -~

Rotor blade

Figure 2. Action planes of the mechanical stops.

Figure 3. Self-rectifying turbine with self-pitching controlled blades.

The guide vanes sets are installed on each sides of the hub. Alternately, the rotor blades swing
in hydrodynamic action of water column in the tube, and automatically select the correct positions
for efficient operation whenever the water changes direction. When the water is moving in a positive
direction, the rotor blades rotate from TDC to BDC under the action of hydrodynamic force. On the
contrary, the rotor blades rotate from BDC to TDC when the water moves in the opposite direction,
as shown in Figure 1. Therefore, the rotation direction of the rotor will not change when the water
direction varies.

In present work, a simplified computational model is adopted, which assumes that the motion
of the floater is restricted to the direction of heave and the effect of radiation from both ends of the
tube on the wave field is negligible. If the turbine part is replaced by a compact piston, the water
column contained in the tube should move with the same amplitude as the floater. Therefore, the
force driving the movement of the water column in the tube should be the same as that of the turbine
according to the law of conservation of energy.

2.2. Hydrodynamic Analysis

The heaving motions of the floater (obviously includes the turbine and tube) is denoted by x(t)
the coordinate, with x = 0 in the equilibrium position (calm water surface) and x increasing
upwards. Let y(t) be the oscillation displacement of the water column in the tube relative to the
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floater. The energy conversion characteristics of the water turbine are mainly determined by the flow
rate and rotation velocity, while the flow rate through the runner is related to the relative speed of
the water column in the tube. In order to describe the performance of the turbine, a linearized PTO is
assumed that can be represented as follows:

frro = Bproy 1)

where the constant Bprg is the equivalent PTO damping and the time-dependent power obtained by
the turbine is P = fproy.

Since the wave scale and the scale of floater motions is small relative to the wave length, the
hydrodynamic analysis could be performed by using the linearized water wave theory. In fact,
hydrodynamic analysis under linear wave conditions has been studied in other similar WEC devices
[29,31,32]. The motion equations of the floater under the condition that the harmonic waves frequency
is w can be obtained as follows:

(my + ux + Bx + pgSx = f, + fero )
frro = —my (X —J) 3)
tany
my = prR3(1 + —) 4)
m, = prr?(L + 21) (5)

where m; and p; are the mass and added mass of the floater, respectively; m, is the sum of mass
and added mass of the water column in the tube, B is radiation damping for the floater, p is
seawater density, 1025 kg/m?; g is acceleration of gravity, 9.81 m/s? and S is the cross-sectional
area of the cylinder tangent to the calm water surface, f, represents the action load of random waves,
fero is the vertical load of the turbine that drive water column contained in the tube to oscillate
relative to the tube.

The hydrodynamic coefficients y; and B and the wave action load f, are relative to the shape
of the floater and the wave frequency w. Considering the assumption of the linearized water wave
theory, the WECs can be seen as a normal sinusoidal wave load with frequency w acting on a linear
system [33]. The time-dependent periodic wave excitation force, the motion of the floater and the
relative motion of the water column in the tube can be described similarly in Equation (6):

{forx,y} = {F, X, Y}e'* (6)

where F,, X and Y are complex amplitudes and F,(w) = A,,['(w), A, is the incoming wave
amplitude and I'(w) is the coefficient of action load. The magnitude of I'(w) can be involved
radiation damping coefficient B(w) by the Haskind relation [34]:

1
IM()] = [@]2 )

By introducing the representation of complex amplitude, the following frequency-domain
equations can be easily obtained:
—w?(my + my + g (W)X + iwB(w)X + pgSX — w?*m,Y = F,(w) 8)
w?m,X + w*m,Y = iwBprgY 9)

For incoming wave frequency w and the magnitude of action load F,, the absolute value of the
complex amplitudes X and Y can be yielded by solving the both of linearized frequency domain
Equations (8) and (9):

|Fe|
|1X| = —— 10
va? + b? {10
4,3
a= —wz(ml +m, + u(w)) + pgs + m (11)
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w3m2B
b= wB(w) + ———y— (12)
w*mj5 + Bprg
\/a)‘*m‘z* + w?m3Béro (13)

Y| = X1

w?m$ + Béro

Through simple analysis, it is not difficult to obtain that the displacement of floater and the
relative displacement of the water in the tube are only related to wave frequency w and PTO
damping Bpro. Based on the assumption of a linear time-harmonic system, the time average power
obtained from the water turbine (PTO), P, is half of the maximum power, B, ,,. The relationship
between the two can be described as follows [35].

_ 1 1
P = Epmax = EBPTszlylz (14)

2.3. Torque Characteristics of the Power Take-Off (PTO)

Having obtained the maximum absorb power of PTO, the torque characteristics of the turbine
blades can be further analyzed. As is known, the power obtained by the hydraulic turbine can be
expressed by the mechanical torque T, and rotational angular velocity w;.

P =Tpw, (15)

Since the linear speed of wave motion is relatively low, the hydraulic turbine shows the
characteristics of low rotational velocity and high torque after absorbing wave energy when
acceleration devices are not present. One of the main purposes of this paper is to study the reliability
of the water hydraulic drive WEC, and the hydraulic turbine is the torque transmission component
of the WEC. Therefore, it is necessary to consider the maximum stress characteristics of the critical
parts (e.g., blades) of the hydraulic turbine. Material fatigue is the most common fault mode of a
hydraulic turbine [36]. Duo to the continuous propagation of the cracks, the turbine parts will
gradually fail under the action of alternating and cyclic load. For the purpose of developing the stress
characteristics of fatigue-critical components, the maximum power that the turbine can absorb during
each wave period should be considered when reliability analysis is carried out.

It is assumed that the water hydraulic drive WEC is installed with 4, turbines, and each turbine
carries A, blades which bear an alternating maximum stress during a wave period. The maximum
torque, Tp,4y, sustained by a single blade at the wave frequency w can be expressed as follows:

Bprow?|Y|?

= 16
Tmax Al 2'2 (J)r ( )

The position and magnitude of the maximum alternating stress of a single blade under each
wave condition can be determined by finite element analysis. As the constant speed control strategy
is relatively easy to implement in the robust operation of the turbine and the technology is relatively
mature [37], the study in this paper is based on the assumption that the rotational velocity of the
turbine remains constant. In order to achieve the specified service life, the maximum alternating
stress in the critical parts can be adjusted through the number of turbines, 4, the number of blades,
A,, as well as the PTO damping, Bpro.

3. Reliability Modelling of Fatigue Failure

The methods, of which the reliability model of fatigue failure can be performed, are the objective
of this chapter. The SN-curves approach in combination with the PM-rules for considering sequence-
independent linear damage accumulation, is an appropriate strategy when the condition monitoring
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is not present. SN curves indicate the relationship between the maximum cycles number and the
failure stress of fatigue critical location. The SN-curves method has been widely used in ocean
engineering design [38], which is more embodied in the reliability assessment of offshore wind
turbines (OWTs) and WECs in recent years.

3.1. Fatigue Assessments
The parametric equations considering the bilinear SN curves can be expressed as follows [21]:
N=K;5™, S§=Aop (17)
N=K,S™, S<Ao, (18)

where N represents the cycles number causing fatigue failure, S is the corresponding stress
amplitude, K;, K,, m; aswell as m, are material parameters (structure intensity and crack growth)
about the SN curves.

Considering the stress range Ao can be performed based on action load AT, (e.g., torque)
through the FEA method:

TAP,
Ao = TAT,, = —=
LA, w,

(19)

where 7 is the stress coefficient corresponding to the torque load of AT,,. In addition, the stress
intervals of fatigue critical components, which are divided into n groups, are assumed. The intervals
number of failure stress falling to the group i each year is denoted by n;. (AT,,, n;) is obtained by
analyzing the statistical wave data of previous years. The fatigue failure state calculation equation
based on signs using P-M rules can be expressed as:

' ' Tenix Flijk
G = 1—212]2]{1 KLCJ 1 l’]”,élP(Hsl Tav}) Z Z Zkz KLCJ 2 l_r]nlizP(HSl Tav}) (20)

Sijk; 240D Sijk,<A0p

where K{ and K; are the characteristic values of K; and K, (logK{ is the first order origin
moment of logK; minus two standard deviation of logK;), n;jy is the cycles number each year of
stress intervals S;j, under a wave condition with H,, and Tav)s P(Hsl.,Ta,,].) is the probability of a

particular wave condition determined from Hg; and Tavj.

The fatigue design factor (FDF) value, which is used to evaluate the reliability of fatigue critical
details, can be expressed as:

T
FDF = =+ (21)
T,

where Ty is the fatigue life for fatigue design; T is the service life of the offshore facility, typically
20 years for wave energy converter. The reliability of the device and its safety indices could be
performed using the load value AT, obtained by finite element analysis, and the limit state equation
is written [20]:

90 = 8= 1D Y Iy ST Pt Tan) = D1 T D e T P, Tew) = 22)

Sijk, 2A0p Sijk, <Aop

where t indicates the service time (0 <t < T;), K; and K, are stochastic variables determined by
the SN curve, A represents the modelling uncertainty based on P-M rules, S = XyXscrAo
represents the stress range given Hy, and T, . The modelling uncertainty X, , which is

approximately follows LN (logarithmic normal) distributed, is composed of wave condition
uncertainty and action load uncertainty. The uncertainty of SCF (stress concentration factor), Xscr,
which is considered to follow LN distributed, contains the geometry uncertainty and fatigue critical
location uncertainty.
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According to the particularity of working environment of wave energy converters, the
representative SN curves of offshore installment with cathodic protection are considered [38]. Table
1 describes partial recommended parameters of stochastic variables applied to fatigue estimation.
The values of the COV (coefficient of variation) are used to reduce the inaccuracy caused by the
uncertainty of the stochastic variables.

Table 1. Partial parameters of stochastic variables. (D: deterministic, CV: characteristic value, COV:
coefficient of variation).

Variables Distribution @ Mean Values COV Cv Source

A LN 1 0.1 1 [21]
Xy LN 1 0.02 1 [18]
Xscr LN 1 0.05 1 [20]
my D 3 - - -
logK, N 12.192 0.015 11.792  [21,38]
m, D 5 - - -
logK, N 16.320 0.015 15.820 [21,38]

It is worth mentioning that the above stochastic variable models are taken into account the
assumption that the annual variation of wave load can be ignored. However, developing appropriate
control strategies can greatly reduce such variations.

3.2. Determination of Reliability Assessment Indices

Generally, material properties of the installment, wave loads as well as environmental features
are uncertain. However, these factors are not considered in the traditional deterministic analysis. It
is a feasible scheme to establish parameterized stochastic model by using a probability approach,
which can consider the variables’ uncertainty. The typical uncertainty of system behavior mainly
includes epistemic uncertainties and aleatory uncertainties. The first may be avoided by acquiring
more real operational data and more insight into the mechanism. However, the second is inevitable
due to the physical properties of the material [20].

The probability of failure, Pg, can be expressed as the following equation:

Pr(t) = P(g(t) < 0) (23)

Having acquired the probability expression of fatigue failure for critical components, the FORM
can be applied to assess the corresponding reliability indices. FORM makes the stochastic parameters
follow the standard normal distribution independent of each other by a special transformation
approach. The basic principle of the approach is that stochastic variables can be approximately
represented by their first- and second-order origin moments. The reliability indices could be
evaluated by the moment of stochastic variables based on limit state equation. The probability
function of failure can be expressed as:

Pp(t) = 1 — (B(¢)) (24)

where ®() represents the function follows standard normal distribution; £ is the reliability index
of the fatigue critical components, which is determined by the shortest failure distance in the state
space. Mathematically, it can be expressed as [39]:

_ Hr — Mg )
Joi +o? (25)
where u and o are mean value and standard deviation, respectively; The subscripts R and L
represent the strength and load effect, i.e., the first term and all the following terms in Equation (2).

The typical values of f and the corresponding probability of failure for standard normal
distribution, Pg, as shown in Table 2.
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Table 2. Typical values of f and Pr.

Parameters Values
B 3.1 3.7 4.3 4.7 5.2
Pr 103 104 105 10-6 107

For time-dependent failure probabilities, Pr(t), the annual probability of failure AP:(t), which
is the probability of surviving reliably to time t, can be developed as follows [40]:
Pp(t) — Pp(t — At)
At(1 - Pp(t))

APp(t) = ,t > 1year (26)

where At is equal to 1 year. Obviously, the annual reliability index Ag = —®~*(APr(1)).

3.3. Target Reliability Level for Fatigue Failure

The target reliability level needs to be defined when performing reliability-based analysis.
Target reliability level is significantly determined by the impact of the failure mode and the
implementation location, such as casualty risk and property damage. If the designed reliability
indices are less than the target value, the fatigue critical components under consideration will not be
able to withstand the applied alternating stress. The wave-energy converters have the characteristics
of low environmental impact, no fire hazard and few casualties since they are operating unmanned.
This indicates that the failure of WECs results mainly in economic influences. The acceptable annual
reliability index (see Reference [20]) considering various cost of condition monitoring strategies on
basis of the consequences for certain failure mode, as shown in Table 3. Because the WECs are
operating unattended, the corresponding costs for condition monitoring are higher than for offshore
oil and gas platforms. Hence, the acceptable target annual reliability values of 3.1-3.7 are appropriate,
which is consistent with the target reliability evaluation range of OWTs.

Table 3. Acceptable annual reliability index, AS.

Consequences of Failure

Cost of Condition Monitoring Small Normal Large

High 3.1 3.3 3.7
Moderate 3.7 4.2 44
low 42 44 47

In addition to considering the annual reliability of the failure mode, focusing on the cumulative
reliability over the entire life cycle is also an important indicator. The magnitude of g, typically from
2.3 to 3.1 for offshore structures, is largely determined by the implementation of condition monitoring
based on the limit state equation [20]. The minimum values range of  can be mapped from OWTs
to WECs because of the similar failure consequences (almost no casualties and environmental
pollution). Table 4 shows the cumulative and annual reliability indices for OWTs in different
corrosive environments [21], which can be used as a useful reference for fatigue design of WECs.

Table 4. Reliability indices in different corrosive environment.

FDF

1 2 3
B 13 20 25
AR 24 28 3.1

12 19 24
AR 24 28 3.1
B 13 23 29
AR 23 30 34

Corrosive Environment

In air

With cathodic protection

Free corrosion
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The principles of fatigue design are determined by the extent of condition monitoring, the
installation location of critical components and the consequences of fatigue failure. The floating
WECs are far away from the land, and have been operated in the vast ocean for a long time. The
fatigue critical components (e.g., turbine) are in an inaccessible area, in which is difficult to take
measurements for condition monitoring during service. Therefore, the FDF values are recommended
to be 3 according to Reference [41].

From what has been discussed above, the minimum accumulated reliability index of 2.4-3.1 and
the minimum annual reliability index of 3.1-3.7 are appropriable for required values of fatigue design
factor. These values can reduce the probability of failure and compensate the uncertainties of the
device’s operation.

4. Wave Characteristics and Fatigue-Critical Details

In this section, the primary purpose is to acquire the characteristic period of the planned
deployment location by analyzing the wave climate of the target sea area (South China Sea), so as to
provide theoretical support for the selection of PTO damping of the water hydraulic-drive WEC.
Secondly, a whole FEA model of turbine blade is developed using the ANSYS 19.0 software package
to obtain the fatigue-critical location and the maximum stress amplitude under alternating loads.

4.1. Analysis of Wave Climate

Ocean waves are generally considered to consist of variety stochastic wave conditions, which
includes a series of wave sequences with different frequencies as well as amplitudes. In addition, the
spectral moments function could be utilized to determine significant wave height, Hy, and average
energy period, Ty, on the basis of the nth spectral moment [12].

21w o

my, =f fw"E(w,H) dwdb (27)
00

where E(w,0) is the variance density spectrum, w is the wave frequency; both of them are
depended on the relationship of DSD (Doppler-Shifted-Dispersion). Therefore, the H; and T,, of
ocean waves can be estimated from the frequency domain as:

Hg = 4./m, (28)
and

m_q

T = (29)

mg
For deep water waves, the included power potential per unit wave-front can be calculated as
follows [42]:
P = Pg*TavHE (30)

641

where p is the seawater density, g is gravitational acceleration.

The 22-year wave data in South China Sea, with the span of 1988-2009, were performed
according to the WAVEWATCH-III (WW3) model [11]. Table 5 shows that the 3-hourly wave energy
statistics data (times) and probability of occurrence (%) of Hy and T,, in South China Sea. The
background color scale represents the occurrence probability of the wave condition.

As can be seen from Table 5, the most probable average significant wave height values are below
3.5 m and that most of values are in the 0.5-2.5 m range. The wave periods are basically scattered at
the interval of 4.5-8.5 s.

According to the contents of Table 5 and Equation (30), the energy distribution probabilities, P,,
of each wave condition can be obtained by the following Equation.

P,N;

p=——__tt
XA A

@31
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where P; and N; are the wave power and occurrences of the wave condition in group i, respectively;
n is the total number of groups.

The wave-power levels (kW/m) and energy distribution probabilities (%) at each wave condition
can be estimated as shown in Table 6. The background color scale illustrates the energy distribution
probability. The maximum wave power is distributed in Hy; of 1.5-3.5 m and T, of 6.5-8.5s. It also
can be seen that in wave condition with Hg =2.5m and T,, = 6.5 s, the largest energy contribution,
which account for about 15.24% of the total wave energy, is obtained.

Table 5. Three-hourly wave energy statistics data (upper data, times) and probability of occurrence
(underlying data, %).

Average Energy Period (T, s)

1.5 35 4.5 5.5 6.5 7.5 85 95 105 115 125 13,5 145

75 0 0 0 0 0 0 0 0 0 0 0 0 0

1 9 2
65 0 0 0 0 0 0 0 0.00 001 0.00 0 0 0

28 54 24 1
55 0 0 0 0 O O vos4 o008 004 000 ° O 0O

50 373 240 37 7
45 0 0 0 v O 008 058 037 006 00 © 0 O

163 1317 950 436 86
o 0 0 0 025 205 148 0.68 0.13 0 0 0 0

874 4743 2891 1459 546 54
25 0 0 136 739 450 227 085 0.08 0 0 0 0

15 0 19 3720 | 9300 5011 2925 1131 149 7 1 0 0 0
' 0.03 579 [ 1448 780 456 176 023 0.01 0.00

05 531 4859 [ 11,299 6525 3159 997 189 38 3 2 0 0 0
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Significant wave height (H;, m)

Table 6. Wave-power levels (upper data, kW/m) and energy distribution probabilities (underlying
data, %).

Average Energy Period (T, s)
1.5 35 45 55 6.5 7.5 8.5 9.5 10.5 11.5 125 135 145
75 0 0 0 0 0 0 0 0 0 0 0 0 0
196.62 217.31 238.01
65 0 0 0 0 0 0 0 003 032 008 0 0 0
12595 140.77 155.59 170.41
057 123 060  0.03
7440 8432 9424 10416 114.07
ad 0 0 0 0 0.60 5.08 365 062 013 0 0 0
39.00 45.01 51.01 57.01 63.07
ad 0 0 0 1.03 1957 783 401 0.8 0 0 0 0
16.84 [19.90 22.96 26.02 29.09 32.15
2 0 0 2.38 1524 10.72 613 256  0.28 0 0 0 0
15 0 386 496 6.06 716 827 937 1047 1157 12.67 0 0 0
’ 0.01 298 9.10 580 39 171 025 001  0.00
0.18 043 055 067 080 092 1.04 116 129 141

0.02 034 100 071 041 0.15 0.03 0.00 0.00 0.00

o
o
o

55 0 0 0 0 0 0

Significant wave height (H;, m)

o
o
o

0.5

Figure 4 illustrates that the fitting curve of energy distribution probabilities under different wave
frequencies. The energy contained in wave conditions with a frequency of 0.837 rad/s (average energy
period T,, = 7.5 s) accounts for about 25% of the total wave energy in South China Sea. Therefore,
the proposed WEC should achieve maximum efficiency in this wave condition.
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Figure 4. Energy distribution probabilities under different wave frequencies.

4.2. Finite-Element Analysis (FEA) Model of Turbine Blade

The single blade system of the turbine is composed of a fan blade and a limit switch with
mechanical stop function, as depicted in Figure 5. The basic design parameters of the blade system
are provided in Table 7.

Based on the purpose of illustrating the application scope of the proposed method, the turbine
blade and limit switch are considered to be made of structural steel (5355) widely used in offshore
implementations, in this study. Table 8 shows that the main performance parameters of S355 steel.

(a) (b)

Figure 5. Single blade system. (a) Fan blade; (b) limit switch.

Table 7. Basic design parameters.

Codes Values Codes Values

D, 20mm by 3.9 mm
D, 16 mm b, 15 mm
a 60° b 25 mm
t, 7mm [ 3.5 mm
t, 2mm [, 16 mm
t; I9mm I3 48.8 mm
hy 46 mm  h, 81 mm

In order to obtain the maximum stress position of the turbine blade, a numerical simulation was
carried out using the Mechanical APDL solver in the software of ANSYS Workbench. Two different
boundary conditions are considered in present paper, that is fixed support and moment loads. Both
of the action planes of the limit switch are supported with fixed support to restrict its free rotation
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(see Figure 2). The moment load boundary conditions, whose values are obtained by analyzing the
42 wave conditions mentioned in Section 4.1, are applied to the blade system.

Table 8. Main performance parameters.

Properties Values Properties Values
Young’s modulus 2 x 10" (Pa) Thermal expansion coefficient 1.2 x 105 (C1)
Poisson’s ratio 0.3 Density 7850 (kg/m?3)

Mesh generation is an important part in the establishment of finite element model, and an
unstructured mesh technology was used for generating the volume meshes. Generally, the precision
of numerical calculations is improved by increasing the mesh number. However, a quite dense mesh
results in burdensome calculations and seriously effects the efficiency of simulation. Therefore, it is
reasonable to generate an appropriate number of meshes with acceptable computational accuracy.

A mesh independence validation was performed to find the appropriately converged solutions.
The whole blade system was discretized into mesh cells of 22,700; 35,500; 55,100; 90,400; and 180,100
approximately by changing the base size of the mesh element. In this section, the turbine blade was
analyzed under wave fatigue loads generated in the South China Sea, which has a significant wave
height of 1.5 m and average energy period of 7.5 s. The estimated applied torque load is calculated
from the analytical model with 4; =1 and A, = 6 (see Sections 2.2 and 2.3).

Figure 6 shows the relationship of the maximum Von Mises stress and the number of elements.
Specific mesh information as shown in Table 9.

10.54
10.4 4
10.34

10.24

Maximum von-Mises stress (MPa)

0.0 5.0x10* 1.0x10° 1.5x10° 2.0x10°
Number of elements

Figure 6. Mesh independence validation.

Table 9. Mesh analysis information.

Mesh Element Size (mm) Elements Maximum Von Mises Stress (MPa) Diff (%)

1.5 2.27 x 10 10.166 0.94
1.2 3.55 x 10# 10.262 1.29
1.0 5.51 x 10¢ 10.394 0.51
0.8 9.04 x 10* 10.447 0.31
0.6 1.80 x 10* 10.479

The maximum Von Mises stress tends to be stable when the element size is 0.8 mm, which has a
relative difference (0.31%) when compared to a denser meshing, as shown in Figure 6 and Table 8.
Therefore, we choose to use a moderate number of mesh cells (90,400) to save computing resources
and improve work efficiency.

Simulation analysis shows that the blade root bears the maximum Von Mises stress (consider
stress concentration) and the blade tip obtains the maximum deformation when the blade system is
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subjected to moment load, as shown in Figure 7. Therefore, the blade root is the fatigue critical detail
of the blade system, and increasing its thickness can effectively improve the fatigue strength of the
blade.

1.0447x107 Max
9.2862x108
8.1225x108
6.9647x108
5.8039x108
4.6432x108
3.4824x108
2.3216x108
1.1609x108
113.05 Min

(@)

7.7445%105 Max
6.884x10°
6.0235%x 105
5.163x10°
4.3025x105
3.442x10°5
2.5815% 105
1.721x10°
8.605x10%
0 Min

(b)

Figure 7. Fatigue critical detail. (a) Von Mises stress (Pa); (b) deformation (m).

5. Results and Discussion

The reliability assessment of water hydraulic drive WEC is carried out in this section. The
reliability index of the proposed WEC is evaluated by means of frequency domain hydrodynamic
analysis, finite element analysis, wave climate analysis and reliability analysis. The flowchart of the
reliability analysis is illustrated in Figure 8.

In order to make the calculated results more specific, it is assumed that the structural parameters
of the proposed floater of water hydraulic drive WEC are described in Table 10.

The added mass u; and the radiation damping coefficient B were calculated by the software
ANSYS AQWA for different wave frequencies w and the condition of infinite depth. The plots of u;
and B versus wave period T = 27w is shown in Figure 9. It is easy to see that the radiation damping
coefficient of the floater tends to rise first and then fall with the increase of the wave period, and the
maximum value is obtained at T =5.3 s. However, the added mass shows an opposite trend, and the
minimum value is obtained at a wave period of 3.5 s.
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Figure 8. Flowchart of the reliability analysis.
Table 10. Structural parameters of the floater.
Parameters Values Parameters Values
R 3.0m 14 30°
T 1.2m L 12m
5.5%10% -
I 1.50x10%
Tt =
—
—8 " i
5.0x10* - N - 1.25x10°%
s N e
/ X 1.00x104 =
B 4510° / # W ' £
x X f/ ¢ \ o
-~ | K L7.50x10° =
{ . ~
= f K \\\ ‘o
4.0x10* -.. / 7 N I 5.00x10°
Fo, 5 R
¥ | asox0?
3.5¢10%
s L 0.00
2 4 6 8 10 12 14
T(s)

Figure 9. Plots of added mass y; and radiation damping B versus energy period T.

5.1. Optimized PTO Damping

Since the proposed water hydraulic drive WEC is planned to be installed in the South China Sea,
the design parameters of the device must be adapted to the characteristics of the sea conditions in the
designated sea area. According to the analysis in Section 4.1, the wave energy contained in the wave
condition with a period of 7.5 s is the largest. Therefore, one of the focuses in this section is to make
the WEC obtains the maximum power under this wave condition.

Figure 10 illustrates the curves of the maximum power, Py, absorbed by the turbine and the
relative displacement of the water column contained in the tube, Y, under different dimensionless
coefficients B* = Bprg/B. Obviously, the maximum power absorbed by the water hydraulic drive
WEC is obtained in Bprg = 5.4B, which can be achieved through a reasonable design of water

turbine.
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Figure 10. Curves of P,,,, and Y versus B* = Bpyo/B, for T=75sand 4,, =1m.

The equivalent PTO damping is invariable as the rotational angular velocity of the designed
turbine is constant. Therefore, the optimized PTO damping obtained under the wave condition with
the period of 7.5 s should be applied to other situations if the rotational speed control strategy is
adopted. The relationship between the maximum absorbed power of the turbine and relative
displacement of oscillating water column and the wave periods is plotted in Figure 11. It is shown
that the optimized PTO damping can enable the turbine to obtain the maximum power when the
wave period is 7.5 s. Thus, it is realized that the maximum absorption of wave energy under the most
energetic wave conditions.
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£ 100 4 H0.04 &
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£ ©
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o

04 . 0.00
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Figure 11. Plots of P4, and Y versus T, for Bpyg = 5.4B(T = 7.5s) and 4,, =0.25m.

5.2. Fatigue Reliability

The reliability index can represent the reliability level of the devices, which is a probabilistic
assurance of component reliability. In fatigue design, the reliability index is closely related to time
because the cumulated cycles number of fatigue loads increased with the service time. Without
considering the probability of occurrence of the wave condition with period T, ), the cycle number,

n;jk, of fatigue loads per year can be calculated by the following Equation:

365 x 24 x 60 x 60

Nyjie = 32
1 Tav]- ( )
For structural steels, the stress and strain show a linear relationship when the stress in the
components is less than Young’s modulus. Therefore, the maximum stress of the turbine blade under

the action of moment load is proportional to the applied moment. Based on the simulation analysis
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of the finite element model established in Section 4.2, the maximum Von Mises stress of the blade
system under the action of unit moment load (Nm) is v = 3.731MPa. A turbine performance analysis
with variable configuration parameters, A;4,w;, is carried out, which can be used to study the fatigue
life of the blade system in combination with the SN-curve approach and limit state equation. By
solving Equation (20), it can be obtained that the service life of the water turbine blade can exceed 20
years under the condition of A;4,w, = 839 (FDF = 3), as shown in Figure 12. The application value of
this conclusion is that the target service life of the WEC can be realized through reasonable
adjustment of the turbine configuration parameters on basis of the reliability approach.

100+ : .
—*— Fatigue life

90 - - - Target service life

Time (Year)

T T T T T T 1
0 200 400 600 800 1000 1200
A Az,

Figure 12. Plots of the fatigue life and configuration parameters A;4,w,.

In view of the lower linear speed of wave motion, the rotational velocity of the direct drive water
turbine is generally lower than other WECs, e.g., an oil hydraulic system. Therefore, the optimal
configuration parameters of the water turbine considered in this paper are shown in Table 11.

Table 11. Optimal configuration parameters of the water turbine.

Parameters Values Parameters Values Parameters Values
A4 3 A2 6 Wy 47.1 rad/s

The calculated cumulative reliability index for the WEC in stochastic wave condition is described
in Figure 13. As predicted, the reliability index declined monotonously with service life. However,
the blade system does not achieve the target reliability level, § = 2.4, recommended for other marine
projects (see Section 3.3). Therefore, a calibrated minimum target cumulative reliability index of 2.1
for moving components of water hydraulic drive WEC is recommended in this paper (FDF = 3).

101 —*— Reliability index
9 - — =Target reliability index

Time (Year)

Figure 13. Cumulative reliability index trend.
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Figure 14 shows that the annual reliability index trend of the WEC under the specific fatigue
load. It can be observed that the turbine blade achieves the 20-year design life with the annual
reliability index Af = 3.5. This is consistent with the range of annual reliability index, Af € (3.1,3.7),
proposed in literature [20].

104 —~— Annual reliability index
~ = = Target annual reliability index

Time ( Year)
Figure 14. Annual reliability index trend.

In the present section, reliability assessment based on probabilistic method has been carried out
for different configuration parameters of the water turbine, which can be used to improve the
reliability design of the proposed WEC under the condition of meeting the target service life. It must
be pointed out that the coefficients of variation of stochastic variables are derived from the
recommendation of previous references, some of which assumed values for the proposed water
hydraulic drive WEC when more realistic data was not available. In addition, the efficiency of the
water turbine is not considered when the torque loads of the blade system are calculated in this work,
and the reliability analysis results are relatively conservative. The detailed reliability data can be
obtained through experimental methods and real-time monitoring systems, which should be
conducive to establish more accurate reliability models of stochastic variables.

6. Conclusions

In this paper, a structure design and frequency domain analysis of the water hydraulic-drive
WEC has been developed and used to assess the fatigue reliability of system-critical details. A
reliability model based on the SN-curves and linear damage cumulative theory is proposed and
solved, considering the uncertainty of the model parameters. The FORM is developed to assess the
reliability indices, and the configuration parameters of the turbine blade system are obtained through
reliability assessment. The following conclusions can be obtained based on previous analysis:

e  The frequency domain analysis method can effectively evaluate both the average and maximum
power absorbed by the water hydraulic drive WEC, which provides a theoretical basis for the
improvement of the system performance under random wave conditions.

e  The wave condition with Hg =2.5 m and T,, = 6.5 s contains the largest energy contribution,
which accounts for about 15.24% of the total wave energy in the South China Sea. The energy
contained in the wave condition with a period of 7.5 s accounts for about 25% of the total energy.

e  Theblade root is the fatigue critical detail bearing the maximum Von Mises stress, and the blade
tip obtains the maximum deformation under the moment load.

e  Optimized PTO damping, Bpro = 5.4B, obtained under the wave condition with the period of
7.5 s enables the turbine to obtain the maximum absorbed power under random wave
conditions.



Energies 2019, 12, 4189 19 of 21

e  Fatigue life of the water turbine can reach the design service life of 20 years as the configuration
parameters meet the condition AyA,w, = 839 (FDF = 3). The cumulative reliability index, 5, and
annual reliability index, Af, are recommended as 2.1 and 3.5, respectively.

The reliability assessment method employed and analyzed in the present paper is able to
effectively evaluate the reliability of the water hydraulic-drive WEC and calibrate the preliminary
structure parameters based on probabilistic methods. The proposed method can be extended to
relevant engineering design of marine-energy development and utilization.
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